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" DETERIIINATION OF IROR COONTAMINATION OF USED LUBRICATING OIL
FOR USE IN MEASURING RATES OF WEAR IN AIRCRAY¥T ENGINES

By Adelbert O, Tischler
SUMHMARY

Object.— To develop sultatle methods of determiniang
the iron contamination of used lubricating oil in order
to study wear rates of pleton rings and cylinder barrels
of alrcraft engines.

Scope.~ Two methods of separating the iron from the
used lubricating oll are presented. In one procedure the
o1l 1s buvrned and the residual ash contalnling the iron 1s

.4dlssolved in acid; in the other, the iron 1is extracted
fron tao 01l with aclid. lethods are described for deter-—
mining the amount of iron present 1n the resulting solu—
tions usling o—phenanthroline to form a colored complex
wlith the 1ron,

Sunnary of results.— The results obtained 1ian the
analyses of lubricating o1l for iron contamination using
the procedures described are as follows:

l. The iron concentrations of oll sampleas contalining
fron C,0C01 to 0,010 percent by weight of iron can be
deternined.

2. With the ashing procedure, the average difference
betwoen the results of duplicate analyses of 40 represent—
atlve samples of used lubricating oil was lessg than 5
percont,

3. The use of porcelain crucibles for ashing resulted
in a loss of iron. This loss was avolded when silica
crucibles wore used.
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4, Extraction of lubricating—oll samples with dilute
hydrochloric acid for 4 hours ylelded a recovery of 98 per—
cent of the iron 1n the oll.

5, With calibration, any photoelectrie or visual-
type colorimeter will be found sultable for measurement
of the color intenslitlies of the iron o—phenanthrolins so—
lutions. Comparison of results obtalned for the same
solutlions with a spectrophotometer and a colorimeter
showed an average differonce of less than 3 percent.

INTE ODUGTION

Annlysis of lubricating—oll samples for metallic con-—
temlinants as & mothod of determining rates of wear of
internal-combustion engines offers a number of advantagoes
over nothods that involve mockanical measurements of the
englno parts. Samples of the lubricating oil are wlth—
drawn fronr the englne at periodic intervals and analyzed
by sonsitive chemical methods, The moetallic concentra—
tions, plotted against englne running time, yleld a curve
of progrossiveo motal contaminatlion from which the rate of
wear at any time during the run can be calculated. Tho
rato of wear can bo ostablishod in considerably less
ongino running tize than would bo requircd to produce a
slgnificant change in woight or dimenslions of engine
parts end without tho nocessity of dismantling or stopping
tho onzizo. In annlicatlion of this mothod, tkhe wear or
corroslon of a particular cngine part or combination of
perte can bo moeasurcd only i1f the woar of other engino
parts dccs aot anpreciably contributo to the concentration
of tho iotal contamlinant in the o0il.

Anong tho motalliec contaminants in o0il, iron is of
particular intercest in tho study of woar ratos. When
glumiaun wnistons arc uscd in tho omngiano, tho iron in the
oil 1s »nrinclpally due to abrasior of the cylindor walls
and tho wniston rings. Bocausge most of tho abradod iron
1s washed into the crankcasoe by tho lubricant, poriodiec
analysos of tho 1ron contamination of theo o0il will indi-
cato the rato of wear of tho ¢ylinder barrol and the pis—
ton riangs.

2rocoduros for analyzing iron in lubricating oil can
bo rosolvod into two steps: (1) the soparation of tho

iron from the organic mattor and (2) tho dotermination of
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tho anount of iron separatod. Bvorett and Stowart (rof-—
oaronco 1) burned sanples of oil in silica eruciblos,
disgolvod .tho rosidue conjfaining iron oxldo in hydrochlo-—
ric acld, formod forrlc thiocyanato, and detormined tho
iron content colorimetrically. 1In referonce 2, tho thio—-
cyancto nothod of costimating lron was aleo used, dyut tho
iron was obtalned in solution by oxtractling tho oll with
diluto hydrochloric acid, These investigators found that
the intonsilty of tho ferric thlocyanate color was depend-
ent upon the pH of the solution and that the color faded
within a few mlnutes.

The method of determining iron with o-phenanthroline
does not have the obJjectionabdle featuree of the thlocya-—
nate methcd. Fortune and Hellon (reference 3) have shown
that, wlen ferrous iron 1s combined with o~phenanthroline,
the 1atensity of the color produced 1s determined solely
by the anount of iron pressnt when there is an excess of
the o—whensanthroline recgent. The color does not fade and
1s not affected in the PH range frow 2.0 to 9.0. Other
metals, ilncludliag eluminum, chromium, copper, and lead,
whiclk are generally fouund iz used lubricating ol1l, do rnot
interfeore with the 1iron determinatior,

Tiie use of either of these colcrimetric methods for
the deternination of smaell amounts of iron in lubricating
oll requires tre development of a guitatle method of ob-—
tairin; tZe iron in an agueous solution. The separation
of the iroxn from the oil may e accomplished by one of the
following methods: (1) burning the 9il sample and dis—
solvin; the residuval ash containing the iron 1in acid
(ashing); (2) extracting the ironm from the oil with acié;
and (3) ccnesuning the organic matter with chemical oxidiz—
ing aserts (wet ashing).

This repcrt describes procedures for ashing and acid
extracting the oils, for analyzing the solutions, and for
deternining the accuracy of these methods. The third pro-—
cedure, which requires sulfuric and perchloric acids for
consuning the organic matter of the oll samnples, was not
used because & large volume of acld 1s required for a
small cll sample and because noxious fumes are formed when
the excess acid is eliminated.

The work was performed at the Aircraft Engine Research
Laboratory of the Fational Advisory Committee for Aeronau—
tles at Cleveland, Ohio, during Decembsr 1943 and January
1944,
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APPARATUS

The extractors used for acid extraction of the o1l
sanples were those commonly used for the determination of
lead in sasoline and are described in reference 4.

Tiao color intenslties of the solutlons of ferrous
o~phenanthroline were measured on either of two ilnstru—
ments. For most of the work, a Beckman gquartz spectro—-
photonntor was used., The detalls of counstruction and
operation of this instrument are described in reference
5. Thwo extinctlon, or the optical deasity, of an unknown
gsolution was read directly on the imstrument dial im tho
range from 0.0 to 2,0,

Tho othor instrumeznt used was & colorimeter. In
this iagtrument the light trenswmisslons of the unknown end
of a evondard solutloan of the colored complex are visually
matched b varying the length of the light peth through
one of the solutlons.

MITHCDS

Two natkhods, ashing and acld extractiang, for separst—
ing tho iron from the Lubricating oil were studied.

Aghinz.— Care was taken to mlix thoroughly all used
lubricetinzg—o0il samplas teceuse a emall ame :nt of blesk
gseccient was observed T¢ have seraratad from the oil after
i1t held stood a faw daye. Tre 1u..de 97 tho Dottiec was
scrubdod with a rudber-tiprned giwuns Reirrinag rod and the
sludze vas again mixed with the il by vigorous stirriag.
Two standard—size portions (10%0.05 grame) oF each
lubriceting—o0il sarple were woignad on & small tcersion
balanco end rlaceé in L0-miliiliter crucibles. The
samplces werse analysed in duplicate.

Tho 0il was burnocé by heating over a Bunsen flame in
a hood, Afiter the o0il Pecamo sufficioztly kot to ignite,
the burzer wes adiasteé in such a way that the 0il burned
quiotly wit'wout Loilirg., ‘YWhen the 0ll kad been burned,
the cartonanssus rcaidve wag lgnited By the Lot flame of
& Meler--tyre burner uatil no carbon rei:ainnd in the cruci-
ble, Tilting the crucible to provide better accass of
alr to tihe resldue has*aned the combustlon of the carboa.
The oatire burning procedure required apprcximately 1 hour,
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“he netal resldue in the crucibles was taken up with
30 nilliliters of 6 N hydrochlorilec acid. In order to
hagten the dilssolutlon of the metals, the cruclbles were
kopt warm on a hot plate for adbout an hour. Adout 15
milliliters of aclid were usually loet by evaporation,
The solutions were then transferred quantitatively to 100—
milliliter volumetric flasks. About 30 milliliters of
dlstlilled water were used to wash the solution from the
cruclble into the flask,

Acid extraction.— After thorough mixing, standard—
slze samples (10+0,05 grams) of used lubricating oil were
welgled ianto 2 small beaker. The o0il was traansferred
quantitatively into the extractors, and about 100 milli-
liters of filtered lead—free gasolline were used to wash
the oll from each beaker into the extraction apparatus.
Fifty mllliliters of 6 N hydrochloric acid were run into
the extractor, Heat was applied and the current to the
eloctricel heating clements was adjucted by means of
rheostats te¢ just avold malntaining & continuous strean
of conxdensate. Some difficulty was encountered with the
reflux flooding the conderser lmn surges.,and, in the case
of somie olls, with foaming of the oil layer; dut these
factors apperently dild not affect the results obtained.
The oxtraction proceeded for 2 hours. After the 2-hour
extroction period, the ligqulids were &llowed to cool soine~
what and the acléd layer was dralned off directly into a
250-nilliilter volumetric flaslk. Fifty nilliliters of
distilled water were added to the extractor, the solutlions
were agonin heated to bolling for 5 winutes, and, after
they had coocled, the watar laryer was drained into the vol-—
unetric flagk. The purpose of the water treatment was to
wash oxtraction liguilds that remained in the extractor
into tae flask,

Doteruination of iron in the aqueous solutions.— To
the acld gsolutions obtained from elther of the foregolng
proceduros were added 2 milliliters of a 1lO—percent hydrox-—
ylamine—hydrochloride solution and from 5 to 16 milliliters
of a O0,1-percent solution of o—phenmanthroline in water,

The hydroxylamine reduced the iron to the ferrous state.
Six nillilitere of o-phenanthroline reagent were required
for each 0,005 percent by weight of iron in a 10-gram oil
sample. Sufficlent 6 N ammonium hydroxlde to develop the
orange—red color of the ferrous o—phenanthroline complex
was added, and the solutions were buffered with 20 milli-
liters of a l0-percent sodium-acetate solution. The
amount of base used was so adjusted that, after the solu-
tiong were cooled and were diluted to the mark on the flask
with distilled water, the final pH of the solutlon was be—
tween 4.0 and 8.0.
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A correctlion for the amount of iron present in the
reagents was obtained by preparing & blank solutlon con-—
taining the same amounts of each of the reagents as used
for the samples.

The color intensitles of the sample solutlons were
meagured with either the spectrophotometer or the color—-
imeter. The wave—length scale of the spectrophotometer
was set at 508 millimicrons {the peak of the absorption
band of ferrous o-phenanthroline), and the slit width was
set at 0,05 aillimeter. Four matched Corex cells having
a light nath of 1.00 centimeter through the solution were
used., From the extirctiorn of each solution measured with
the specirophotometer, the amount of lron present in the
oil gample wag calculated from the formula:

0,000515 (B, — BEy) ¥

V= walght of oil sample
where
¥ ' weight percentage of iron in the oll sanmple
Es extinction of the samplo solution as measured with

the spectrophotometer
Ey extinction of blank sample
Y volune of volumetric flask used, milllliters

0.0C0515 experimentally determined constant relating ex—
tirction and iron concentration of a solution
for the spectrovhotomster (The extinction was
found to be & linear function of the irom
concentration of the solution.)

WVhen the colorimeter was used, the iron concentrations
of the sauples were determined by conparison of the color
intensitlies of the unknown sample solutions with those of
predarcd samples contsglalrg xnown anmcunts of ircn. The
tnknown lron concentrations were calculated from the for-—
nule

C, d
C = -2 21
d

where
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c concentretion of iron in unknown sample solutlon
C,. conceantration of iron in prepared solution

d, length of light path through standard solutlon with
light flelds matched

4 longth of 1light path through unknown solution

Three values of the ratio d,/d were obtained, vary-
ing d between readlngs, and averaged before calculating
0. A correction for the blank solution, determined in a
similar manner, was applied before the amount of irom in
the orlginal oil sanple was calculated.

RESULTS AFD DISCUSSIOHN

Analyscs of orepared oll saaples.— Repeated analyses
of lubriceting oil present difficulty in checking the
accuracy of the methods, inasmvch as any error consistently
introduced during the procedure would not be apparsent 1in
*the results of the repeat runs. In order to test the ac—
curacr of the ashing procedure, a series of four oil san-
ples contairing amounts of iron from 0,000268 to 0.00828
percent by weight were therefore prepared by dissolving a
paint drler containing ircn in mineral oil. The exact iron
concentretion of the paint drier was not known. An oil
golution containing approximately 0.1 percent by weight of
iron was firset prepared, end the other solutions were mede
from it by diluting a welghed portion of the O0.l-percent
solution wlth a welghed amount of mineral oil.

The results of analysas of the prepared oll samples
using both the ashing and the extraction proecedures aro
given in table 1. Two of the prepared oil samples (2 and
3) were analyzod by the acid-extraction procedure. Dupli-
cato analyses checked satisfactorily, and further acld
extraction of the same samples showed that all the iron
was recovered 1n the first 2-hour extraction. The ratio
of tho oxperimental concentrations for samples 2 and 3
agreocd vith the ratlo calculated on the basis of the dilu—
tion welghlings. The average of the analyses of sample 2
was telren es correct and the concentrations of iron 1in the
other samnnles were calculated from the dilution ratios.
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Oomparison of silica_and porcelain crucibles for
ashinz procedura.— It was observed that whenm porcelain
crucibles were used about flve or more times for these
analyses, the disagreement of duplicate analyses was
considorably greater than when new cruclbles were used,
This foct was presumably due to absorption of the irom
by the glaze of the porcelain crucibles at the tempera-—
tures reached in burning the carbonaceous resldues. The
analyses of the synthetlc oll samples were therefore made
using both silica and porcelain cruclbles. The analyses
with sllica cruclbles showed an average deviation of less
than 3 nercent from the calculated iromn concentrations;
high as well as low percentages were obtalned. As may be
seen from table 1, the porcelein—-cruclble results averaged
about G percent less than the results obtalned with acid
extractlion, Thia loss makes the use of porcelain cruci-
bles undesirable for this procedure.

Anclyses of used lubricating—oll semples.— The ash-
ing method hes been used t0 analyze numerous oll specimens
in this laboratory. The average difference between the
results of duplicate analyses with silica cruciblee of 40
0oll sannles, chosen as representative, was less than 5
percent. Tae iron concentrations of these samples ranged
from 0.701 to 0.010 percent by weight. The percentage
deviation of duplicate analyses 1s plotted in figure 1
against the average of two determinations for each sample,

In order to 1llustrate the nature of the results ob-—
tained from thls type of analysis, a typical set of anal-
yses of lubricating-—oll samples taken from an engine o0il
sunp 1s nlotted against hours of engine operation in fig-
ure 3. The analyses were made in duplicate by the ashing
tochnicue using silica cruclbles and the iron content of
the solutions was measured with the svectrophotometer,

Acid extraction of the iron from used lubricating-
01l sanples was found to be more difficult than the extrac-—
tion of premvared mineral—oll pamples. Two—hour acid
extractions of used lubricating oll gave a recovery of the
iroa ian the 01l of 90 to 97 percent, based on results ob-—
tained by the ashing procedure., Second and third 2-hour
extractions of tho same samples showed the presence of
iron bDut, in all cases, the iron pressent in the third ex~
tract wag less than 2 percent of the total iron extracted.

The use of gasoline to lower the viscosity of the oil
layer appears to result in faster extraction of the iron
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from the o0ll than when it is not used. ZExtractlons of
undiluted o0ll samples gave relatively poor results and
left-a yellow color 1ln the.acid layer that was not due
to iron.

Photometry and colorimetry.— Repeated measurements
of the extinctions of a number of solutlons with the
spectrophotoneter ghowed that the values were consistently
reproducible within 1 percent when the measured extlinctlion
was betwveen 0.10 and 2.0. The percentage error in measur—
iqg tho oxtinctlions of eolutlons contalining very small
anounte of 1iron 1lncreased as the extinction of the solu—
tlons abproached zero. Solutions that had extinctions
greater than 2.0 required dilution before the extinctlons
could be accurately measured, Although & spectrophotomoter
was usced for most of this study, a photoselectric colorim=’
otor shouvld be capeble c¢f equally accurate results 1f a
calibration curve for tke amount of iron in the solutilons
is proparocd.

The orrors introduced by using a visual-type colorinm—
eter to ostimate the iron concentrations were also studied.
4 serics of 30 solutions was analyzed with both the snec—
trophotouzeter and the colorineter. The results are plotted
in figure 3. The aralysecs obtailned by the two methods
showod 22 average deviatlion of loss than 3 percent.

Evaluation of oll-enalysis nmethods.~ Analysis of
lubricating—oil sarcples using the ashing technique de-—
scrlbsd requires less apparatus and can be carried out in
somevhet less tlme than the acld—extraction procedure for
a eingio determination. If a battery of extractors could
be sot up, the extrection method would require less man-—
hours per sample, inasmuch as this equipmsnt requires
little attention during the extraction.

In tke acid—extraction procedure, the use of semaller
extracteres, smaller samples, and, correspondingly, less of
reagonts would save materials, bocause only a few milli-—
liters of solution are required for measuring the color
intonsity. Preliminary tests with an extractor of about
one—third the dimensions of the lead—extraction apparatus
havae given satisfactory results.

Pcrmiegglble concentration range.— Although the limit—
ing measurable concentration of iron with a 1.00-centimeter
spectrophotometer cell was 0.0l percent by weight in a 10-
gram oil sample, much larger guantities in an unknown
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sample could be determined by diluting tre aqueocus sample
solution. The range of measurable ircn conceatrations
could also be considerably extended by use of larger or
gmaller o5il-sanple portions or by use of longer or shorter
cells in the pDhotometric instrument.

Aircraft Znglne Research Laboratory,
lational Advisory Committee for Aeronautics,

Cleveland, Ohlo.
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TABLE 1.- ANALYSES OF MINHRAL-OIL SAMPLES CONTAINING
KNOWN BATIOS OF IRON CONCENTRATION

Sample —wds. T 2 3 4
Ratio of lron concentrotion of 0.327 1.00 3.58 10.1
samples to iron concontration
of gamplo 2
Oaelculatod iron concontrations,® 2.68 g.20 29.3 82.8

percont by wolght x 10%

Acid oxtracticn

Iron concentration, mercent by - ———-wm g.29 29.0 e
welght x 10¢ 8.11 29.0
Meen value bg.20 29.0

Observed ratio of iron concen~  —————m 1.00 ) .
trations

Aeaing (eilica crucibles)

Iron concentration, morceat ty 2.65 g.21 29.3% 81L.0
welght x 107 2.81 8.54 29.0 gL.3
2.8  ———— 28.7 73.4
2.88 e 29.9 g0.7
lHean value 2.73 8.37 29.2 81.4
Observed ratio of iron concen-— 0.323 1.02 3.56 9.93
trations

Ashing {vorcelain crucibles)

- Iron concentrations, percent by 2.52 7.65 26.6 83.0
weight x 10¢ 2.40 7.88 27.4 8L.4

. 2.70 7.62 25.3 76.3
2.Eg 7.00 28.6 8.3

2.4y 7.50 25.5 g1.0

2.42 7.80 27.0 e

Mean value . 2.52 7.58 26.7 81.2
Observed ratio of iron concen- 0.307 0.924 3.26 9.90

trations

aComputed on the basls of £.20 X 10> percent iron in sample 2
(acid-extraction enelysis) end the known ratios of iron concemntra-
tions ln the four semmles.

DThis quentity taken as unity in computing observed ratics of
iron concentrations.
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